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I. INTRODUCTION

The lithium sulfur dioxide (Li/SOa) electrochemical couple has been

- widely used by the military for low- to moderate-rate applications, and has
recently found application in missile use for high-rate application. Li/802
batteries are attractive because they have high energy density, excellent low
temperature performance, and long storage life. The long storage life is a
direct consequence of the lithium passivation layer, which inhibits lithium
corrosion by the electrolyte solution. On the other hand, the lithium

' passivation layer inducee a polarization upon loading the cell. In some cases

the induced polarization severely affects performance.

We have studied several aspects of lithium passivation in the L1/50,

couple in our laboratory. These include the polarization effects of both a
primary and a secondary Li passivation layer; impact of low discharge rates on
the L1 passivation and cell storage life; and the chemistry and kinetics of

the growth of the primary and secondary L1 passivation layers.
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II. BACKGROUND

Limited work has been performed to study the Li/SO2 performance
characteristics that are impacted by the Li passivation layer. Storage life
studies, polarization due to the primary passivation layer (voltage delay),
and some chemical characterization of the passivation layer have been

investigated.

Voltage delay characteristics in Li/502 cells were tabulated by Bro
(1). Discharge at low temperatures following high temperature storage
exzacerbates the delay. High temperature storzge increases the rate of the
lithium passivation layer formation and the low temperatures limit diffusion
processes, thereby increasing the polarization of the passivation layer. Bro
(1) reported negligible voltage delays at room temperature and delays as long
as 90 seconds at -30°C at 3 Amps on a "D" cell.

Li/SO2 cells are purported to have a 10-year shelf life. Five-year shelf
life with less than 5 - 10% capacity loss has been deronstrated (2). Capacity
losses at T1°C of less than 1.5% per month have been reported (2). Much of

this degradation can be attributed to lithium corrosion.

Low discharge rates during storage have teen reported to result in higher
degradation rates, presumably through increased lithium corrosion rate. Levy
(3) reported more than 50% capacity loss after one year for cells that were
discharged at 100 microamps with pulses (8 mA for 150 msec every 15 sec) over
a temperature cycle from - 40 to 71°C., Constant discharge without the pulsing
resulted in between 4 and 10% capacity loss after 6 months. Bro (1) points
out that lithium corrosion can also result in increased anode polarization, in
addition to anode consumption; the increased polarization may reduce available

high-rate capacity, whereas the consumption reduces capacity at all rates,

Limited work has been perfc¢ med to study the chnemical composition of
passivation layers on the lithium electrode in Li/502 cells. It has often
been assumed and generally accepted (4) that the passivation layer is

comprisec of lithium dithionite (Li»3,0y), the discharge reaction product in
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the L1/502 cell. Conversely, Kilroy and Anderson (5) found Lizsou, L12303.
and L12$ and no dithionite on the lithium, as studied by mass spectrometry and

scanning Auger spectroscopy. Abraham and Chaudhri (6) used IR and XPS

techniques to study lithiua films from aged and partially discharged L1/802 -
cells. They reported finding Lizs, Li,5,0y, Lizsog, Lizsnoé {n>2), and
L128205.

Although considerable work has been performed to study the kinetics of
lithium film growth in Li/SOC12 cells, little work has been performed on the
Li/S0, couple. Gerenov et al. (7, 8) studied passive films on lithium in
I..i/SO2 cells by galvanostatic pulse techniques and AC impedance. They found a
parabolic growth rate and a g¢pecific conductivity of about 10'9 (ohm-cm)-1 for

the Li passivation layer.

Peled (9) developed a model t¢ describe the film formation in the
Li/SOC12 couple in terms of a solid electrolyte interphase (SEI); his model
has application to the Li/S0, couple a well. According to the SEI model, a
perfect single crystal passivation layer acts as a so0lid electrolyte that
conducts lithium ions but is an electronic insulator. 1In a real,
multicrystalline passivation layer, however, growth occurs by electronic
conduction via grain boundaries or cathodic impurities in the layer. The

passivation layer growth is parabolic
L = (2Kvgt/z)1/2 (1)

where L is the layer thickness, K the rate constant, Ve the potential drop
across the layer, t the time, and Z is the specific electronic impedance.
Actual growth rates would likely deviate from parbolic rates, possibly due to

changes in Z with L, such as induced by cracks or defects in the layer.
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IIX. EXPERIMENTAL

Experimental results described below were obtained on either commercial
Li/502 cells or laboratory L1/502 cells., Commercial cells used were either
D" or "DD" size with a spiral wound configuration. Laboratory cells were
constructed of heavy-walled Pyrex cell cases to contain the presnsurized
electrolyte solution. Lithium working, counter, and referance electrodes were
used. The electrolyte solution contained 0.5M LiBr in acetonltrile/soz.
Materials were dried prior to assembling the cells in an Argon-filled dry box.

The laboratory cells were used to study the effects of partial
discharge. Open circuit impedance measurements were taken immediately after
cells were filled with the electrolyte solution; the impedance technique has
been described earlier (10,11). Some cells were allowed to stand open ecircuit
up to several months, while other cells were given intermittent discharges (5
min. at 12.5 mA/cmZ). Recovery of the open c¢ircuit impedance was monitored

immediately upon terminating the discharge.

Commercial cells were also used bo study the effects c¢f partial
discharge. In thece cases, cells were given partial discharges at

2, removing up to 20% of their capacity. Other

approximately 14 mA/cm
commercial cells were tested over a six-month period for capacity retention
under continuocus low aischarge rates. Ceuils were discharged with a continuous
500 microamp load with weekly 10-minute 600 mA pulses. (Cells were discharged
at 70°F, 105°F, and 12C°F for up to 27 weeks. AL the end of the test period,
cells were discharged at 70°r at 600 mA to 2.0 V/cell. The complete test

matrix is given in the reference (12).

Lithium surfaces from both commercial and latoratory cells were studied
by Ion Microprobe Mass Analysis (IMMA), Fourier Transform Infrared

Spectroscop, (FTIR}, and X-ray Photoelectron Spectroscopy (XPS).

LT Tl I N R I T v e e i el Rl i T sl S P S SRR R T 0 Ny J R S S R Y I IR
G AN AN N R A N R g e A T o, S Sty LT AT e Sy s T iy 0 A Ve ey A S A T S T A i YA

"



e I

. R A A

e

o
St

T

1;??&'TvvtCtvaiwn{cﬁuccv~vcccccvvwwv

e

IV. RESULTS AND DISCUSSION

1. Passivation-Layer-Induced Polarization

The Li passivation layer induces a polarization or voltage drop under
load. The polarization that occurs immediately after applying a load is often
referred to as the voltage delay. We have described a second polarization
phenomenon which we have attributed to a seccndary passivation layer
(10,17). These polarization pheriomena are depicted in Figure 1, in which the
load voltages of undischarged and partially-discharged Li elecﬁrodes are
given. The cell that had been stored 4 weeks undischarged exhibited an
initial voltage drop (voltzge delay), wnich was caused by a thin primary
passivation layer. The cell th: had been partially discharged over the U4-
week period showed the expected primary polarization, but then exhibited a
secondary polarization, caused by a secondary passivation layer. Formation of

the primary and secondary passivation layers will be discussed below,.

Both the primary and secondary polarization phenomena are caused by
charge carrier polarization under load. Although the SEI is a lithium ion
conductor, the conductivity is insufficient to support a normal discharge. As
the lithium ions are depleted during discharge in the electrolyte solution,
the cell voltage drops and a lithium ion gradient is established within the

passivation layer during discharge.

The voltage recovers with continued discharge a3 the lYithium passivation
layer is modified, reducing the polarization. The mechanism by which the
passivation layer is modified {s not well understood; the .:yer may simply
crack from thermal stresses induced by the polarization or as supporting
lithium is consumed. It is likely that under discharge, even at high rates, a
modified passivation layer persists; lithium reacts exothermally with the
electrolyte solution, and {n the absence of any passivation layer, a runaway

reaction could be expectred.
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2. Effect of Low Discharge Rates

As part of an effort to determine the effects of continu us low discharge
rates on cell storage life, commercial L1/302 cells were stored under low

» discharge conditions up to six months at different temperatures.

The dependence of delivered cell capacity on discharge time for the 70°F
results is given in Figure 2. & significant reduction in delivered capacity
i1s evident after 18 weeks of discharge, although no capacity loss is apparent
up to 18 weeks. The temperature dependence of the total capacity after 27
weeks discharge is given in Figure 3. The capacity reduction is greater at
higher temperatures; a capacity loss of as much as 20% is apparant after 27
weeks at 120°F.

Post mortem of several cells indicated that the lithium was almost
completely consumed. This implies that the capacity 10ss occurred because of

lithium corrosion.

The cells that were discharged after 9 and 18 weeks were permitted to
A stand open circuit for the duration of the test. Three of the cells dropped
to zero volts and the fourth dropped to 2.2 volts. Some of the cells bulged
slightly, indicating that a pressure-producing reaction had occurred.
Analysis of gaseous componentls of the cell indicated the presence of
methane. Post mortem of these cells showed that the 1ithlium had been
completely consumed; the reddish color of the res{due was consistent with

products from a lithium-acetonitrile reaction.

These results may indicate that, at the end of the discharge, the lithium
underwent a corrosion reaction with the remaining 30,. It is probable that
the corrosion reaction c¢id not begin at tne end of discharge, but rathner
occurred at some rate during the entire discharge period. When the SO2 was
depleted, the lithium was consumed by reaction with acotonttrile, forming the

reddish residue and the methane gas (1),

The lithium corrosion probably resultec from the fact that the lithium
layer that exists under discharge conditions i3 not as passivating as that

under open 2ireoulit oonditions, In fact tests on laboratory cells, descoribed
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below, indicated that electrodes partially discharged at high rates suffered a

corrosion rate on open circuit about three times higher than electrodes that

had never been discharged.
3. Chemistry of the Lithium Passivation Layer

As part of an effort to understand the effects of partial discharge,
lithium surface layers from commercial cells that were partially discharged

and from cells that were not discharged were analyzed by FTIR, XPS, and IMMA.

The IMMA results are given in Figure 4. Results indicate that the film
constituents are Li, S, O, and Br. The Br probably results from precipitated
electrolyte, LiBr, on the film. Therefore the primary constituents of the Li
surface film are Li~-S-0 compounds. Figure 4 clearly indicates that the Li
layer from the partially discharged cell is thicker than that from the

undischarged cell.

The FTIR results are given in Figure 5. The lack of absorption for the
Li passivation layer from the undischarged cell is consistent with a thin
passivation layer. Assigning the peaks in the FTIR spectra of the partially
discharged cell to specific Li-3~0 coﬁpounds 1s difficult because reference
spectra for these materials are generally not available. However, by using Na
analogs for the Li-S-0 compounds and assignments made by other workers (6, 13,
14, 15, 16), reasonable assignments can be made. Results for the film on the
partially discharged cell are consistent with the Li passivation layer
containing Li,S,0y (905, 1020, 1070 em™'), Li,S,05 (970, 1176 em '), and
LiZSnO6’ where n>2 (1200-1250, 1000-1050 cm‘1).

The XPS results are consistent with the FTIR assignments. The Li film in
the partially discharged cell showed peaks at 163.6 eV, consistent with
neutral sulfur, and at 169.0 eV, consistent with sulfur V; L1,5,0¢ has both
neutral sulfur and sulfur V. The Li passivation film in the undischarged cell
showed a large peak at 165.8 eV, consistent with sulfur III; L1i,S,0; has only
sulfur III. Both spectra showed otner smaller peaks, indicating that both

films contained a mixture of Li-S-0 compounds.
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y, Kinetics of Passivation Layer Growth

The growth of the passivation layer was determined by measuring the open
circuit impedance of laboratory cells over a period of time beginning
immediately after filling the cells with electrolyte. The complex impedance
plots are given in Figure 6. By assuming that the lithium/electrolyte
interface acts as a parallel plate capacitor, the passivation layer thickness
can be calculated by assuming a dielectric constant of 10 (7, 17). Results
are given in Figure 7. The growth rate is parabolic, consistent with
predicted behavior according to Eq. [1]. The two parabolic regions may
correspond to an initial fast film formation followed by slow thickening of

the passivation layer.

The specific conductivity of the passivation layer can be obtained from

the slope of the curve in Figure 8 (18); the fast-growth region has a specific

conductivity of 1072 (ohm-cm)™' and the slower growth region 107 '%(ohm-cm)™'.
The former value, which corresponds to short time periods, is in good

|
agreement with the value of U x 1079 (Ohm—om)_1 obvtained by Gerenov et al. at
comparable times (7).

The constant K in Eq. [1] can now be solved from the slope of the curve
in Figure 7 and the specific conductivity derived from Figure 8. The value
for K in the slow-growth region is 0.979 cm3/g-cm2. If all of the Li
corrosion products precipitate on the lithium surface, then K is essentially a
density factor, in units of the reciprocal of the density per area; the
calculatged density is then 0.85 g/cm3. Although no density information is
available for the Li-S-0 compounds found in the passivation layer by the IR
techniques described above, the density of LiZSOu is 2.2 g/cm3 (19). The low
calculated density implies that not all of the Li corrosion products

precipitate to form the primary passivation layer.

In analogy with the model put forth by Peled (9) for the Li/50C1, couple,
the layer on the Li surface can be intepreted in terms of a thin primary
layer, which is responsible for the passivation, and a thicker, porous
secondary layer. Accordingly, the Li corrosion products that do not
precipitate to form the primary passivating layer precipitate away from the Li

surface to form the porous secondary layer.,

17
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Fig. 6 Impedance of LI electrode stored open eircuit in 802 electrolyte.
Frequency range is 25 Hz ~ 500 kHz. A: Immediately after electrolyte
fill; B: 4 hours, C: 22 hours; D: 364 hours,
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Fig. 7 Primary Li layer thickness as function of t”z; thickness was
calculated from impedance results and parallel plate capacitor model.
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Fig. 8 Reciprocal of capacitance versus resistance for primary layer on
undischarged Li ele:trode in S0, electrolyte. Capacitance and
resistance values were defermined from impedance results,
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The effects of partial discharge on the primary passivation layer
apparently exacerbate formation of the secondary layer. The effects of
discharge on the primary layer are given in Figure 9; the primary layer
thickness, as determined by the impedance technique, is given as a function of

t1/2, 2 for 5 minutes) was applied at t /2 = 28

A single discharge (12.5 mA/cm
hr1/2. Cn %he right hand ordinate, the integrated lithium corrosion current

is given, calculated by using the measured electrode impedance as a function
of time and a potential drop across the layer calculated from the Nernst
equation. The lithium corrosion rate is three times greater after the partial

discharge. Despite the higher corrosion rate, the primary layer does not
recover to the same thickness. This finding, along with the chemical analysis
that indicated thicker layers on partially discharged Li electrodes, is
consistent with the excess Li corrosion current leading to precipitation of

the secondary layer.

The higher corrosion current after partial discharge may be associated
with formation of defects in the primary layer due to the discharge. The

defects may be grain boundaries, lattice defects, or cathodic impurities,

which result in overall increased electronic c¢onductivity of the primary

passivation layer.
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Effect of partial discharge on Li primary layer and Li corrosion.
The left-hand ordinate indicatgs the primary Li passivation layer
thickness as a function of t1/ . The right-hand ordinate %9 icates
the integrated Li ion corrosion current as a function of t . Li
ion corrosion current was estimated by calculating the corrosion
current from the measured electrode impedance and by estimating the
potential drop across the ?a%sivation layer by using the Nernst
equation. At t =28 hr /‘, the electrode was given a 5-minute
12.5 mA/om© discharge. The L1 corrosion rate increased by about a
factor of 3 after the partial discharge.
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V. CONCLUSIONS

— ="

The role of lithium passivation in L1/302 cell performance has been
* studied. Long-term, low rate discharge of commercial cells was observed to
degrade capacity; the degradation was attributed to modification of the
lithium passivation layer that led Lo increased lithium corrosion. The
degradation was greater at higher temperature. S8Short-term partial discharge

L e

of lithium electrcdes was also observed to lead to increased corrosion of the \
lithium electrode. The corrosion products formed a thick sescondary
passivation layer. Once formed, the secondary passivation layer induced a
secondary polarization on high rate discharge. These results indicate that
partial discharge, including periodic testing, of L1/502 cells should be

limited in order L0 preserve high-rate performance.
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LABORATORY OPERATLONS

The Aerospace Corporation functicns as an “architect-angfueer” for
nationai security projects, specializing in advanced military space systems.

Providing research support, the corparation's Laboratory Operations conducts

R Y T W ™ T« &

experimental and theoretical investigations that focus cn the application of
scientific and technical advances to such systems. Vital to the success of

these investigations is the technical staff’s wide-ranging expertise and its

»

ability to stay current with new developments. This expertise 1s enhanced hy
a research program aimed at dealing with the maany problems assoclated with
rapldly evolving space systems. Contributing their capabilities to the

reseacch effort are these individual leboratories:

Aerophysics Laborato.y: Launch vehicl: and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, envircnmental chemistry, trace detection;
space .aft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas <inetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,
spectroscopy, optical resonators, beam control, atmospheric propoagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactinns and
radiative signatures of missile plumes, sensor ocut-of-field-of -view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
phvsics, battervy electrochemistry, space vacuum and radiation effects on
materlals, lubrication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, atomfc frequency standards, aud
environmental chemistry.

CQunter Science Laboratory: Program verification, program translation,
performance-sensitive eystem design, distributed architecturec for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-

electronics apnlications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-state device
physics, compound semicorductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductour devices, mlcrowave/millimeter wave measuremerts,
diagnostics and radiometry, microwave/millimeter wave theraionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, Space communication systems.

Materials Sciences laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, aud new forms of .arbon; non-
destructive evaluation, component faflure analysis and relfability; fracture

mechanics and Sstress corrosion, analvseis and evaluation of materials at
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cryogenic and elevated temperatures as well as in space and enemy-induced Q
eavironments. ‘o
1

. -
Space Sciences Laboratory: Magnetospherls, aurorai and cosmic ray .
physics, wave-particle interactions, magnetospheric plasma waves,; atmospheric "
.

and ionospheric physics, density and conposition ot the upper atmosphere,
remote sensing using atmospheric radlation; solar physics, Intrared astronomy,
infrared signature analysis; eftects of solar activity, magnetic storms and
nuclear explosicns on the earth's wtmosphere, fonosphere @ d magnetosphere;
etlects of elecrromagnetic and particulate rvadiatiang on space systems; space

YR

fnstrumentation.
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